Abstract-This study discusses a centralized and coordinated control of distributed multifunctional inverters connected to an electric grid. The multifunctional operation is based on the conservative power theory, which makes it possible to identify undesired current components that can be compensated. The inverters that make up the microgrid are managed through a transmission control protocol/internet protocol (TCP/IP) communication network, allowing commands from a control center, while also allowing monitoring and gauging of electrical quantities of interest related to each of the inverters. Using the control center, it is possible to adjust the current necessary for compensation, which can be shared among inverters in a coordinated manner and according to their nominal capacities. Adjustments are made by sending references to certain indexes for desired power quality at the coupling point of each inverter. Experiment results explore some compensation alternatives, employing communication flexibility among the devices that comprise the microgrid.
distributed generation [1] - [5] by applying information and communication technology in electrical systems [6] , [7] . Thus, production, transport, distribution, and end use of electrical power have become more efficient, environmentally sustainable, reliable, and safer. However, distributed energy systems (DESs) changed the traditional one-directional flow of energy to a bidirectional flow, which increased the complexity of power dispatch. On the other hand, the nonlinear loads connected to the distribution system can cause power quality (PQ) problems. In particular, current and voltage harmonics are becoming important concerns [8] .
Every aspect mentioned above can be addressed applying suitable control strategies for multifunctional grid-tie inverters (MFGTIs), which are able to, simultaneously, integrate RESs in DESs and perform compensation of PQ problems [9] [10] [11] [12] [13] [14] [15] [16] . The combination of these abilities in single equipment contributes to reduce the installation and operation costs of DESs. This approach is especially consistent if the MFGTI becomes part of distribution management systems. Therefore, RES consisting of solar or wind power could be connected to the grid via MFGTIs, which often do not operate at full capacity due to the intermittent behavior of these power sources. The available volt-ampere (VA), not used to transfer power produced by RES to the grid, can be used for auxiliary services, considering a minimal increase in system implementation costs.
Initial distributed compensation strategies were based on the application of active power filters (APF) [17] [18] [19] [20] [21] and static VAR compensator cooperating with APFs [22] , [23] . Within the present scenario, i.e., increased RES penetration, the use of MFGTIs may also contribute to expand possibilities for implementing strategies for coordinated control in DES. For example, the MFGTIs can be used for injecting active power into the distribution system, sharing reactive power, voltage regulation at points of common coupling (PCC), and harmonic compensation [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Recently, studies have begun to discuss the cooperative operation of multiple converters integrating a microgrid. However, due to implementation difficulties-among which converter communication, management, and supervision infrastructure are included-some of these studies have been restricted to simulation environments [27] , [28] . One of the contributions of our research is to show a simple and effective way to implement control, management, and supervision infrastructure for multiple MFGTIs spread throughout a microgrid.
From the point of view of disturbance compensation, the proposed approach provides a different perspective of that discussed in [13] and [30] , in which the MFGTI is controlled to achieve specific PQ requirement at a single PCC. Unlike [13] and [30] , in our study, the control strategy is expanded to several MFGTIs considering a synergistic operation to regulate the active power, reactive energy/power, and harmonics synthesized by each MFGTIs. Thus, PQ requirement at PCC is globally achieve by coordinated operation of all MFGTIs. Moreover, the control approach is expanded to synergy operation with other compensators [i.e., capacitors banks or thyristor switched capacitors (TSC)].
The main objective of this study is to provide a platform that enables the coordinated operation of distributed MFGTIs. This platform is composed of a control center and MFGTIs with communication capability. The control center acts as centralized control and supervisory mode being able to remotely transmit and receive data to MFGTIs. Through this platform, the microgrid's operator can set and adjust parameters that define the functionality of each MFGTI. Using a communication network infrastructure [as shown in short in Fig. 1(a) ], the control center establishes a two-way communication channel with each MFGTI, which in turn have the capacity to process and answer the received commands.
MFGTIs are able to receive remote commands from the centralized control center, such as reference for power factor at the PCC, reference for reactive power injection, and adjustment of the level of harmonic compensation. Therefore, MFGTIs are able to cooperate among each other and also with passive or active PQ compensators, such as TSC and capacitor banks. From a practical point of view, this approach is satisfactory for small microgrids (homes or commercial/industrial installations), which includes a range of local power sources.
A microgrid on laboratory scale [as shown in Fig. 1(b) ] was created to validate the distributed operation of MFGTIs, as well as the coordinated communication and operation infrastructure. Finally, experimental results showed the validity and efficiency of the proposed approach to improve PQ by means of cooperation among MFGTIs and compensation elements in the microgrid.
II. MODELING AND CONTROL OF MFGTI
The local control for each MFGTI comprises two loops as discussed in [13] . The first one is a fast current loop to control the MFGTI current and the other is a slower voltage loop, responsible for maintaining constant dc bus voltage. An additional loop is used to control the current in the dc-dc converter, which is responsible for making the connection between the local source and the inverter's dc bus. For the sake of simplicity, the dc-dc converter and RES are treated as current sources (I DCm ).
The transfer function of the output current (i F ) of the MFGTI is given by (1) as shown at the bottom of the next page and can be obtained by following the block diagram shown in Fig. 2 . The dumping factor (K D ) is the capacitor current feedback gain that contributes to the active damping of the LCL filter [33] , [34] .
The open-loop transfer function G OL (s) given by (2) is obtained considering time delay due to the pulse width modulation modulator and delay due to the digital implementation of the current controller (3) [35] . The antialiasing filter modeled by (4) is placed at the input of the analog-to-digital converter. 
The inverter gain is given by K inv , whereas K IS is the gain of the current sensor. The cutoff frequency of the antialiasing filter is ω c anti and the sampling time is given by T s , which is half the switching time
The current controller is of proportional plus resonant harmonic type [36] and its transfer function is given by
The current controller was designed using the open-loop transfer function (2) . The bandwidth of the current loop was set at 1.2 kHz aiming the compensation of current harmonics. In addition, the loop gain at harmonics frequencies is increased using the resonant controller (5) through the adjustment of the resonant peaks by K IPR . In order to grant the system stability and allowing a fast transient response, the phase margin was set to 45°with a gain margin of 6 dB. The parameters of the current control loop are summarized in Table I .
On the other hand, Fig. 3 shows the block diagram of the bus voltage control loop. The transfer function G DC (s), given in (6) , is obtained by a small signal analysis. It establishes a relationship between the dc bus voltage (v DC ) and the current peak at the inverter output, i.e., the current control variable i G p . V PCC rms stands for the rms value of grid voltage (127 V), whereas V DC is the average value of the dc bus voltage (300 V) and C DC is the dc bus capacitance (4.5 mF).
The low-pass filter, H LP (s), in the feedback path is designed to attenuate the 120 Hz ripple present in the v DC voltage. In this study, the cutoff frequency (ω c L P ) of the low-pass filter was set at 30 Hz. The remaining parameters are as follows: the gain of the voltage sensor is K V = 0.00333 and 1/K IS is the resulting gain of the current control loop [37] . The transfer function of the proportional integral controller used to regulate the dc bus voltage is given by (7) .
It is worth to note that the bandwidth of the dc bus voltage control loop should be narrow enough to avoid oscillation of i G p and mitigating the interaction of the dc voltage controller with the faster current loop, which has a higher bandwidth [35] . Therefore, the open-loop transfer function of the dc bus voltage control (8) is used to design P I DC (s) aiming the achievement of a stable system with the bandwidth of 6 Hz and the phase margin of 70°. The parameters of the resulting PI controller are K PDC = 2.2 and K IDC = 49.
(1) Fig. 4 . Overview of the conceptual drawing of the synergistic flexible control with independent reactive power injection.
III. SYNERGISTIC CONTROL AND COOPERATIVE OPERATION STRATEGY
In this section, the functionalities of the MFGTIs are discussed, among which the active and reactive power injection, harmonic mitigation, and compensation of reactive power due local loads are mentioned. Fig. 4 depicts the control diagram of each MFGTI.
These functionalities are integrated into the MFGTI by the generation of orthogonal (decoupled) current references, which are defined according to the conservative power theory (CPT) [29] . CPT current components have a forward relationship with the functionality intended to be implemented, i.e., harmonic content and reactive power, which makes the selection of the kind of disturbance to be compensated easier. Thus, beyond flexibility, selectivity, and voltage distortion immunity, the proposed method differs from others existing solutions for the fact that it does not need any kind of reference-frame transformation and synchronization algorithms.
Aiming at a better comprehension of this study, the main CPT definitions are presented below. Notice that the singlephase system is being considered. The lowercase letters stand for instantaneous signals, whereas the capital letters stand for rms values.
1) Active load current (i a ): responsible for transferring active power (P = V I a ) from the source to the load. 2) Reactive load current (i r ): responsible for the reactive energy flow W =V I r , whereV is the rms value of the unbiased integral of the load voltage [29] . This component may also be associated with reactive power through the ratio (Q = V I r ). 3) Void (residual) load current (i v ): reflects nonlinearity between voltage and current, due mainly to the presence of switched devices. It does not transfer active power or reactive energy to the load. This portion of current is associated to void (residual) power, calculated through (D = V I v ). The apparent power (A) is obtained through the product of respective rms voltage and rms current (A = V I). Thus, the load power factor results in
Furthermore, according to [13] and [31] , the load power factor can also be decomposed into two decoupled factors, called load conformity factors. Each factor represents a specific load PQ disturbance.
4)
Reactivity factor: responsible for lagging between voltage and current
5) Distortion factor: responsible for nonlinearity between voltage and current
Based on these factors, Bonaldo et al. [13] discuss a technique for the flexible control of single-phase MFGTIs. This technique permits partial or total compensation of i r and i v . The compensation reference signal is generated in the hope of improving the grid current waveform, to obtain specific results for conformity factors. Over the following sections, the technique proposed in [13] is expanded to make the coordinated control of MFGTIs distributed throughout a viable microgrid.
A. Generation of the Reference Signal for the Synergistic and Coordinated Compensation of Unwanted Currents
If the goal of the compensation is to guarantee that the grid shall only absorb or inject the active current, given by
where v PCC and i represent the instantaneous voltage and current gauged in the PCC, then the compensation circuit must absorb all the other current components, given by
The current reference for compensation (i comp ) must be distributed to each of the microgrid components, including MFGTIs and other PQ compensation devices.
1) Reactive Power Injection: It is well-known that capacitors connected to the PCC can compensate reactive energy. However, MFGTIs may also contribute to the aim of implementing a fine adjustment of the reactive energy. To do so, the respective reference must include the reactive energy that should be injected by the converter.
The reactive injection reference (Q c ref −m ) is sent remotely from the control center to each MFGTI. The reference for reactive injection (14) is calculated using the reactive power/energy concept [29] . Thev f P C C −m signal corresponds to the unbiased time integral of the fundamental component of PCC voltage [29] andV f P C C −m represents the rms value of this voltage.
The equivalent susceptance (B c r e f −m ) and the fundamental reactive energy (W f −m ) that corresponds to the reactive power (Q c ref −m ) are calculated according to (15) and (16), where the angular frequency of the grid is ω and V f P C C −m = ωV f P C C −m is the fundamental rms voltage at PCC
2) Flexible Compensation of Unwanted Currents:
MFGTIs connected to the local PCCs are responsible for compensation of PQ disturbances caused by local loads. Thus, the following compensation current reference is generated for each MFGTI [13] :
where "m" is the number of MFGTIs composing the microgrid. When the MFGTI is switched OFF, load conformity factors are equal to those of the local point of coupling. However, when the MFGTI injects the RES-generated power (P DGm ) simultaneously to the compensation for PQ disturbances, the load conformity factors (λ Qm and λ D m ) must be adapted to the condition in which the active power through the grid (P gm ) depends not only on the load (P m ), but also on the local power source (P gm = P m − P DGm ) [32] . Note that P gm is indirectly calculated, i.e., the grid current is not measured in the real system. This defines the conformity factors effectively measured in the coupling points (λ gQm and λ gD m ), which are calculated considering active power injection, without any compensation. Thus, the weighting factors for reactive current k rm and residual current k v m are calculated as (18) and (19) , respectively. These equations list the factors indirectly gauged at PCC (λ gQm and λ gD m ) with the desired conformity factors for the grid side (λ gQ ref −m and λ gD ref −m ) [13] . Reference factors are sent from the control center to each MFGTI using an Ethernet network
It is worth to mention that the range of Thus, by combining (14) and (17), the references for coordinated compensation and additional reactive power injection can be generated. 
B. Generation of the Reference Signal for Active Power Injection
The injection of active power (P DGm ) generated by RES is achieved by synthesizing the following current reference: 
C. Implementation of Synergistic Control and Coordinated Operation
Figs. 1 and 4 show an overview of the control strategy and the diagram of a microgrid. The reference signal for each MFGTI is given by 
IV. MICROGRID REMOTE MANAGEMENT CENTER
The general scheme used for communication among the proposed control center and the remote MFGTIs is shown in Fig. 5 . It is also possible to connect other devices to the center, such as TSC or any elements with communication capability.
The center allows commands and operation references to be sent to MFGTIs and to collect information about inverter operations, such as voltage level, active power, portions of processed power (such as reactive and residual power), rms current, etc. The references sent from the center to MFGTIs are, for example, the value of the desired voltage for the bus, compensation strategy and level of compensation, value for the quality indexes at the point of coupling, etc. It is possible to operate the MFGTIs with online adjustments, allowing for the use of complex coordination and cooperation strategies among MFGTIs.
The communication structure is based on the Ethernet 10/100 Mb/s standard. Despite the high throughput, the amount of data exchanged between the center and MFGTIs is exceptionally small. This is due to the fact that references for the MFGTI, as well as measurements monitored by the center, are obtained from the steady-state operation, with measures usually taken in one or more grid cycles (rms and average values as well as power calculation). Thus, the communication network latency does not affect data exchange.
In addition to the control center, this section also discusses the hardware/firmware system that, locally and digitally, controls each of the MFGTIs.
A. MFGTI Local Control and Supervision Architecture
Communication between the control center and MFGTIs is performed as shown in Fig. 5 . Data exchange occurs following a client request (control center). Then, the MFGTI (server) sends the required information.
The system on chip (SoC) is composed of two asymmetric processing cores. The first core is a digital signal processor (DSP) with floating point arithmetic. The second core is a general purpose microcontroller from the ARM Cortex M4 series. The two cores exchange data through a shared RAM memory. The DSP core processes the control algorithms, conducts current decomposition, and calculates load conformity factors. The ARM core runs the DSP management program and communicates with a remote center via transmission control protocol/internet protocol (TCP/IP). User commands sent through the control center can remotely activate or deactivate MFGTIs, change operational mode, and adjust the references.
The main reason for choosing the TCP/IP over Ethernet protocol is, besides easy implementation, that the SoC TMS320F28M335 from Texas Instruments, used to perform the local control of MFGTIs, provides this protocol for communication. Thus, the communication interface already available in the development kit allowed us to speed up the development of a conceptual proof and the obtainment of experimental results.
Data exchange between the center and MFGTIs is implemented through type length value (TLV) data packages. TLV protocol simplicity facilitates the implementation of embedded systems. Furthermore, the total overhead information is extremely low. However, due to communication using TCP/IP protocol over Ethernet, the TLV package is encapsulated within a TCP/IP package that, in turn, is encapsulated in an Ethernettype package [38] [39] [40] .
TCP/IP and Ethernet protocols are processed transparently in the application through software stacks that run both on the transmitting and receiving computers. Therefore, from the point of view of communication between the control center and the MFGTIs, only the TLV protocol is processed directly. Fig. 6 shows the home screen of the online control and monitoring center, developed using JavaScript [41] [42] [43] . The choice of this platform is basically due to the running of the software in the Java virtual machine, which can run on many operating systems. Furthermore, through the object orientation concept, it is only necessary to program a class to manage a single MFGTI as the same code can quickly be extended to manage other MFGTIs. Note that each MFGTI is identified by a unique IP address. Fig. 7 shows the screen for reading information received from all operational MFGTIs. MFGTI information can be updated whenever the update button is activated or automatically updated (auto update button). The interval between the updates depends on the number of MFGTIs being monitored due to the polling scheme, in which the center requires and receives information from each of the MFGTIs sequentially. When the last MFGTI sends its information, the data forms are updated and the routine restarts. 
B. Centralized Control and Monitoring Center
Thus, the higher the number of MFGTIs, the longer the update interval. The polling time for a single MFGTI is approximately 2 s. For a hypothetical microgrid with 10 MFGTIs, the time necessary to collect the information from all MFGTIs would be 20 s.
V. EXPERIMENTAL RESULTS
The structure of the implemented microgrid is shown in Fig. 8 . A local load with nonlinear characteristics is connected with each MFGTI. The topology is similar to a home, or a small commercial/industrial installation, including a range of local power sources. The arrows indicate the currents used to analyze the results. The main parameters for MFGTIs, electrical grid, and loads are listed in Table II . The possibility of coordination among MFGTIs is demonstrated by means of measurements taken at different points of the microgrid. Rated power (active and reactive) for Load-1 is 385 W and 600 var, and 
A. Coordinated Operation for Unwanted Currents Compensation
In a first scenario, the main objective is to improve the PQ at the PCC by coordination among the MFGTIs considering the capacitor (C PCC ) is connected to the PCC. Commands are sent to MFGTIs to operate only as APFs. Each MFGTI will perform the local compensation of the harmonics generated by its own nonlinear load, through the adjustment of λ gD ref −m .Then, the compensation of the reactive power is shared among the MFGTIs, through the adjustment of reference λ gQ ref −m . As result of these actions, it is expected to achieve a near unitary power factor at the PCC.
The microgrid's operator sets the compensation references of each MFGTI using the remote control center through the following sequence of commands: 1) T 0 : MFGTI-1 and MFGTI-2 disconnected (no compensation); 2) T 1 : MFGTI-2 compensates only for the harmonics of Load-2; 3) T 2 : MFGTI-2 performs full compensation of harmonics and reactive power of Load-2; 4) T 3 : MFGTI-2 performs full compensation of Load-2 and MFGTI-1 compensates only for the harmonics of Load-1; 5) T 4 : MFGTI-1 and MFGTI-2 perform full compensation of their respective local loads; and 6) T 5 : MFGTI-2 performs full compensation of Load-2 and MFGTI-1 compensates for all the harmonics and partially for reactive power for Load-1; Fig. 9 shows the apparent power evolution and the power factor gauged at the PCC for each MFGTIs (A g 1 , A g 2 , λ g 1 , and λ g 2 ), as well as in the PCC of the microgrid (A g and λ g ). Fig. 10 shows voltage and currents waveforms at the PCCs during each interval.
Interval T 0 : As both MFGTIs are disconnected, the network supplies all the load power, including the distortions (D L and Q L ). Initially, the currents in the PCCs are highly distorted and, consequentially, the power factors are low (see Fig. 10 and Table III ).
Interval T 1 : As MFGTI-2 provides all the residual power required by Load-2 (λ gD r e f −2 = 0), the residual current (harmonics) originated by this load no longer circulates through the grid, and [as shown in Fig. 10(b) ] current i g 2 practically has a sine format. Looking at Table III, the power factor at PCC-2 was improved substantially. Load-2 (as shown in Fig. 8 ) is a single-phase rectifier with capacitive filter, which demands low reactive power. Thus, by compensating the residual power, responsible for almost all the distortion originating from this load, the power factor is close to the unit.
Interval T 2 [see Fig. 10 (c)]: As MFGTI-2 maintains the compensation of residual power and the control center sends the order to compensate the reactive power (λ gQ ref −2 = 1), the power factor at PCC-2 becomes practically unitary (λ g 2 ≈ 1). As the reactive power of Load-2 is small, total compensation reaches practically the same result as the previous compensation (interval of T 1 ).
Interval T 3 : MFGTI-2 fully compensates Load-2 disturbances. MFGTI-1 is connected to PCC-1, and the order from the control center is to compensate the residual current from Load-1 (λ gD ref −1 = 0). From Fig. 9 and Table III, a slight improvement in the power factor at PCC-1 (λ g 1 ) is seen, as the apparent power that circulates through PCC-1 is reduced due to residual power compensation. Fig. 10(d) shows that harmonics compensation makes the current through PCC-1 (i g 1 ) similar to the voltage. The phase shift between voltage and current at PCC-1 is due to the reactive power of Load-1, which is not being compensated.
Interval T 4 : In this interval, MFGTI-2 is maintained in the same configuration. The control center sends a command to MFGTI-1 to add reactive power compensation (λ gQ ref −1 = 1), thereby assuming full compensation of Load-1 disturbances. As shown in Fig. 10(e) , the amplitude of the PCC-1 current reduces. The current i g 1 presents a waveform identical to that of the voltage. However, due to the C PCC capacitor, the current that circulates through the distribution network (i g ) leads the voltage at PCC. Despite the microgrid being completely compensated (λ g 1 = λ g 2 = 1), the power factor seen at the point of coupling between the microgrid and distribution grid is not unitary (λ g = 0.959).
Interval T 5 [see Fig. 10 (f)]: To obtain the unity power factor at the PCC, the reactive power of Load-1 must be partially compensated by MFGTI-1. Thus, the control center adjusts the reactivity factor for PCC-1 to λ gQ ref −1 = 0.86. The action leads to a lower power factor at PCC-1, since around 245 var is no longer compensated by the MFGTI, as this value is already being injected by the C PCC capacitor. However, the coordinated compensation of MFGTIs maximizes the PCC power factor (λ g ≈ 0.998). Discussion: The reference value (λ gQ ref 1 = 0.86) that leads to a null reactive power at the PCC is calculated through (22) , which defines the reactivity factor
In this case, as the whole residual power is being compensated by MFGTI-1, only the reactive power affects the power factor at PCC-1, then λ g 1 = λ gQ1 . The reactivity factor is calculated using the value of the active power at the point of coupling of MFGTI (P g 1 ). Initially, the value of the reactive power is taken throughout the PCC after the full compensation of the microgrid (interval T 4 ). Certain iterations are necessary to attain the desired value for reactive power. As the MFGTI no longer compensates part of the load's reactive power, the voltage drop at PCC-1 impedance reduces the rms voltage, which decreases the load active power. At the end of the process, a power factor of (λ g 1 = λ gQ1 = 0.86) is obtained, resulting in P g 1 = 429 W and Q g 1 = 245 var. It is worth to mention that the microgrid's operator performs the iterations manually by setting the reference λ gQ ref 1 in the control center until the reactive power measured at the PCC becomes zero.
This case shows that the coordinated compensation strategy can be used to improve PQ indicators at any point of the microgrid. Adjustment flexibility for load conformity factors (reactivity and distortion) facilitates the implementation of coordinated compensation with other types of compensators, allowing the desired values to be obtained for the range of PQ indexes.
Thus, the scenario shown above is coherent from a practical point of view, as harmonics are compensated by MFGTIs, whereas the reactive power is compensated by the capacitive bank. Furthermore, MFGTIs may complement the reactive power compensation to obtain a microgrid with resistive behavior, providing a high power factor and low harmonic distortion.
B. Coordinated Operation for Unwanted Currents Compensation and Active Power Injection With Equalization of the Apparent Power of MFGTIs
This section discusses the coordination of MFGTIs operating as multifunctional devices. Each MFGTI, besides injecting the active power generated by the RES, also fulfills the role of compensating reactive power and harmonic distortion due to local loads.
The goal is to improve the PQ in the PCC and distribute the compensation efforts among MFGTIs to balance the apparent power processed by each converter. The C PCC capacitor, when connected to the PCC of the microgrid, cooperates partially with reactive power compensation. In this analysis, MFGTI-1 provides around 850 W to PCC-1, whereas MFGTI-2 provides around 900 W to PCC-2. Fig. 11 shows waveforms for voltage and current at different points of the microgrid (PCC-1, PCC-2, and PCC) for three different conditions. Initially, C PCC is not connected and both MFGTIs provide complete compensation for disturbances caused by the respective local loads. As expected, in Fig. 11(a) , the currents at the PCCs of the microgrid have the waveform of their respective voltages. The counter phase indicates the injection of power into the grid. As shown in Table IV , the apparent power processed by MFGTI-1 is 1035 VA, whereas MFGTI-2 processes approximately 905 VA.
Hypothetically, if the nominal power of the MFGTIs was 900 VA, MFGTI-1 violates its power rating. The insertion of C PCC aims to reduce the amount of reactive power processed by MFGTIs, as this level of power cannot be maintained for a long time. Table IV shows that the insertion of the capacitor (C PCC ) has practically no effect on the PQ indicators at PCC-1 and PCC-2, nor does it affect the apparent power processed by MFGTIs, as the compensation references for the converters were not altered.
However, since the reactance of C PCC at harmonic frequencies is lower than at the fundamental, the harmonics in the PCC voltage, even with low amplitude, cause high harmonic currents through the grid and the capacitor. Fig. 11(b) shows a slight distortion in the current through the grid (i g ). Note further that the power factor at PCC is not unitary, λ g = −0.965. The negative power factor signal indicates that the reactive power provided by the capacitor is being injected into the grid. To achieve unitary power factor, it is necessary to absorb the reactive power from the capacitor. This action is presented in Fig. 11(c) , showing the coordinated operation of MFGTIs.
The microgrid absorbs the reactive power, around 250 var, coming from the C PCC . Therefore, MFGTI-1, which compensated around 600 var required by Load-1, drops to compensating at just 300 var. MFGTI-2 fully compensates the reactive power demanded by Load-2 and injects around an additional 50 var into PCC-2. The pair of MFGTIs supply approximately 350 var of the total 600 var required by Load-1. The supplementary reactive power required by Load-1 is achieved by means of the C PCC capacitor, which injects 250 var. The additional reactive power injected by MFGTI-2 is achieved by sending reactive power reference from the center to the MFGTI-2.
At the end, the phase shift between voltage and current at the PCC is practically zero. The power factor measured at the PCC again becomes almost unitary, λ g ≈ 1. Fig. 12 indicates the reactive power flow circulating through the microgrid and Table IV sums up the main PQ parameters for each of the three situations described above.
The capacitor connection aligned with the coordinated operation of MFGTIs led to the reduction and balance of their efforts (processed apparent power). Following coordinated compensation, MFGTIs begin working close to the With the reduction of the apparent power and current through MFGTIs, it is possible to use the converter capacities to inject more energy, since the local source has capacity for greater production.
VI. CONCLUSION
Based on experimental results, our study showed that coordinated operation among MFGTIs and other compensation devices can contribute to reductions in the power and current processed by MFGTIs, maintaining coherent values for PQ indicators.
Furthermore, flexibility in adjusting the current references for disturbances compensation is fundamental to the cooperation among compensating devices. Through the control center, it was possible to coordinate operation to test the maximum MFGTI functionalities without surpassing the capacity of the converters. Depending on the profile of the local load connected to the MFGTI point of coupling, as well as the generation profile for each local power source, the installation of PQ compensation devices can thus be postponed. In other words, devices with lower per kVA costs can be installed, such as capacitor banks and thyristor controlled reactors (TCRs), which can cooperate with the MFGTIs already installed to obtain adequate PQ indicator values at the PCC.
